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Abstract impedance arising from beam and ring structures. Since
. . - . . the beam intensity decreases, due to the muon decay, rf
Simulations of the Iongltudmgl dynamics in avoltages must also vary in time.
?oorreni\éx Sogp?e\z/ratrigl;or(]) f iﬁg'ds':g rlglgser]i\(/)e thbeeesr:ipgeeigr]- The utility pfthe simulation depend; onthe ab'ility to cal-

' 6 L Culate a sufficiently accurate wake tiut excessive com-
factors, = 1077, such that synchrotron motion is frozen’puta’[ion. In the present code, the wake is calculated by

minimizes the need for rf to maintain the bunch Iengthg?mmingthe wakes from bins of variable bin width in front

Wlthogt approprlatg rf compensation, hoyvever, the bunc the particle an@-wakes from preceding particles in the
wake induces an intolerable head-to-tail energy sprea

Thi q trates that the bunch K ame bin. We tested this method of calculating wakes, and
:Ts] pfr:l\petr de}r)nor:\?v rags vﬁi ?Nitktlmlcw V;l]:’:l ve Itmay tf’cg“und that it gives the desireglccuracy and a substantial
\(;\c/)ithptehi:arfesetu)::) thg sm:\ﬁ eneesrgy sprec:)a d of tgeaggz%eduction in computing time when compared to wake cal-

. . lation ing unbinned macroparticles [1]. A mor m-
(6E/FE=3x107%) in the 50Ge\k50GeV muon collider Culations using unbinned macroparticles [1] ore co

ring can be maintained during the 1000 turn Iife’[imé)Iete description of this work may be found in Ref.2 [2]

of the muons. These studies were made at the nominal
design point, and sensitivities to errors were explored. 2 THE COMPUTATION OF THE

The simulation also demonstrates that the computation of WAKEFIELD AND MACROPARTICLE
the wake field using bins of variable width (each with a EQUATIONS

constant number of macroparticles) accurately adpces . . L .
the wake and yields reduced computing time compared ,EI(')he wake generated by a beam interacting with discontinu-

the evaluation of the wake as the direct sum over the Wakgges Of components in the rln'g |s.apprOX|mated by a broad-
and impedance. The longitudinal wake functigfj(z)

of all preceding macroparticles. for a broad-band impedance is given by [3]

1 INTRODUCTION 0 ifz>0
Wi(z) =< aR, ifz=0
This paper presents investigations of the longitudinal dy- QQRseaz/c(COSGJ_z +asin®t)  ifz <0,
namics in a 50Ge¥50GeV muon collider ring. The crit- c ‘ 1)

ical design parameters of a 50Ge¥0GeV muon collider \whereq = wr/2Q ande = - /w% — a2, Q=R,\/C/Lis
ring, from the viewpoint of coll?gtlve effects, are: T_hethe quality factorwr = 1/v/LC is the resonant frequency
bunch has a large chargd'4x107), the bunch lengthis anq g is the shunt impedance. For the broadband model,
long (aZ:lSCm).compared to the pipe rad|h|)§(the bea}m Q = 1 andwgr = ¢/b. The more common impedance
energy spread is very sgnaHb(:leo“”), asisthe slip- 7/, ~(271/C)R,. Here,n, is the harmonic number.

page factor, 4, ~ —107"). The muon has a life time, “rpe variable bin size technique mentioned above works
7u = 1.1ms at 50 GeV, corresponding to 1000 turns in theyg tgjiows. Firstly, the bunch is sliced into longitudinal
ring with a circumference() of 300 meters. The need 10 ing yith a constant number of particlegg, in each bin.

2 _ e
minimize rf voltage leads tg; = —10~" and a synchrotron g results in bins of variable bin width. The wake is then
oscillation period much longer than the storage time. Th@xpressed for thé" particle, assumed to be in bipas
small slippage over the storage time leads to dynamics sim-

ilar to that in a linac. The large bunch charge induces, N 1<
through the wakefield, an undesirable head-to-tail energy (z;(n)) = —#[Z NgWl(zr(n) — zz(n)) —
spread. Maintaining an intense beam with a low energy ml g

spread provides a challenge to the ring design. i<y
We show a means of controlling the longitudinal dynam- > Wizi(n) = z(n)) = WJ(0)], (2)
ics in the 50GeV muon collider ring. That is, to limit rf, J

one operates the ring close to the transitigr=-10") whereN,, is number of particles in the bunch ang, is the
L . »
;Lr;c: t;r?otl tl:]:e?i[r\:v%hrr?tég\r/li triggu'[c())ncISr:oezzr?sna'ltz ;2? titgrﬁr%?umber of macroparticles. The lower case indices refer to
' P garticles in the same bin, while the upper case indices refer
*Work supported by the U.S. Department of Energy undercontractN&Q d'fferem bins. _The wake from maFrOPart|C|es in preced-
EDDEFG-03-95ER-40936 and DE-AC03-76SF00098 ing bins ¢ > 1) is calculated (the first term on the RHS
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of Eq.(2)) as arising from ainglemacroparticle located at center of the bunch. After 1000 turns, the tail particles gain

27, the center of biry. The interaction between macropar-or lose energy from the large rf kick at the longitudinal po-

ticles in the same bin is included asfunction wakes (the sitions where the bunch wake becomes small, as seen in

second term on the RHS of Eq.(2)), and final{¥’/(0) is  Fig.1(b).

the wake generated by the macropatrticle itself. Fig.2(a) show the beam phase space after 1000 turns
We used of order 2000 bins for 44000 macroparticles iwhen two cavities in Table 2 are applied. The beam dis-

the simulation. The wake field that was in good agreemeftibution after 1000 turns is not distorted by the sum of the

with analytical results. The numbers of bins and macroparf voltages and the bunch wake and the beam distribution

ticles must be properly chosen, as they depend on ring pgmains intact. This can be understood from examination

rameters such as the bunch length and the radius of tbéFig.2(b), where the rf voltage (curve (1)), bunch wake

beam pipe. voltage (curve (2)), and the resulting total voltage (curve
Macropatrticles, with an initially Gaussian distribution,(3)) are plotted after 1000 turns. Fig.2(b) shows the can-

are tracked in phase space with equations of motion whiaellation of the wake by the rf voltages. We note that the

include kicks by two rf cavities, a longitudinal wake kick bunch wake in the 50Ge¥50GeV muon collider ring can

and a drift that depends on the momentum compactiobe compensated by very low rf voltages.

Each macroparticlé has position and energy coordinates

(i, 6;) and is tracked for 1000 turns. The longitudinal dif- 3 SENSITIVITY STUDIES

ference equations for theth macroparticle at revolution OF LONGITUDINAL DYNAMICS

numbern is derived from its coordinates on turn— 1 by:

3.1 Sensitivity to beam current aug|/n,

We investigated the beam phase space with beam cur-
zi(n) = zi(n — 1) + (m16 + 126" + n36®)C. (4)  rent varying from its design value by -10%,-5%,+5% and

Here, - is the longitudinal coordinate with respect to the"10%: The rf parameters are fixed. The energy spread has

bunch centers = §P/P is the relative momentum er- increased roughly 8% for variation ef10%, and 2% for
ror of the particlej., 72, 7; are the linear and higher or- £2 % after 1000 turns. o
der momentum compaction parameters. The rf impulse We also investigated the beam phase space for variations

K,;(n — 1) due to the two rf voltages is given by of the impedance:Z} /n; = 0.1, 0.52, 0.2 and X2.
Voltages in the rf cavities are varied proportionally to the

bi(n) = 6i(n = 1)+ Krp(n = 1)+ W(zi(n)), ()

eVirie Toiﬁll) w magnitude ofZ} /n;. The potential well distortion due to
Kep(n—1) = == 15 sin(—zi + 61) + the bunch wake increases widfy /n, and becomes quite
’ o) ‘ noticeable al (2.
eVippe O L Wrpy
5, o= s+ e2) () 32 Dpependence of longitudinal dynamics:on

An example of rf parameters that compensate the wake are andmns, 1,73
To( ) i H ; -3
shown in Table 1. The facter 7+ _ in the rfvoltagesis F19-3(2) shows the beam phase space withl0™ and

—_ —2 H 3 .
introduced to compensate for the decreasing beam intensity™ —10™ - Whené'(s) integrated ovei0” turns is small
due to muon decay. Her®, is the revolution period. compared tars, the motion of a particle is determined by

the magnitude ofy;. The large slippage dominates the

motion and leads to streaming inmotion, as is seen in

n—1

Table 1: Rf parameters used in the simulation. Fig.3(a). Fig.3(b) shows the beam phase space in the case
of o5= 3x10~% andn;= —10~2. In the case of large;,

One cavity | Two cavities and small energy spread, the dynamics is significantly more
rf frequency, ; (MHz) 570 823 and 399 compliqateq, showing energy sprgad and s’greamirzgas
harmonic numbeér;, ) 570 823 and 399 shown in Fig.3(b). In the calculations for 'Flgs.3, we have
rf voltageV ; (KV) 14.1 4.26 and 12.12| had7;=n3=0 and the equation of motion is = 7:6(s),
phase offset (radian) 3.55 3.755 and 3.4153 Wherez’ = £ ands is distance traveled in the ring. The

resultant phase space afté¥® turns is summarized as a
function of (1, o5) in Fig.4. Regions (a) and (b) in Fig.4
were covered in Figs.(1).
2.1 Numerical example of the compensation of On the other hand, the t'wo rf voltages compensation re-
the bunch wake duces the phase space distortions of the beam for the (a),
(b) and (d) regions of Fig.4. The motion in region (c) of
Figs.1(a) and (b) show the beam phase space after 1 tig.4 is dominated by slippage, and the rf does not affect
and 1000 turns in the case that one cavity in Table 1 hake dynamics. In summary, two rf cavities can be used to
been choosen to minimize the induced energy spread, memove the beam tail of region (b) of Fig.4 and the energy
spectively. One cavity compensates for the wake in th&pread of region (d) of Fig.4.
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Longitudinal dynamics for varyingn, and fixed
n1=—10~% andn»=0 has been examined. Théequation
includes a nonlinear term;=(1; + 126(s))é(s). With two
rf cavities used to compensate the bunch wake, the energy
does not show significant change after 1000 turns, and the

7 5

motion is a nonlinear streaming with the energies taken as bl

3 -1

their initial values. We see this in Fig.5(a) with=100, Figure 4: A summary of the beam dynamicssinands,

where the energy spread of the macroparticles is basicafiArameter space. One rf voltage in Table 1 is used to com-

unchanged. The nonlinearity of the streaming is noticé2€nsate for(a)bunch Wak*'le/”hE?'m'

able for particles withy, > 7:/é(s). The behavior of the *~ ‘ *

phase space parameterizedryandes s is summarized in

Fig.5(b). 5 o
Longitudinal dynamics for varyings and fixedn;=- . ;

10~° andz,=0 have also been examined. The energy eve s . | ]

lution is small due to good compensation, and the posF. e he lonaitudinal oh tter 1000
tion evolves according te' = (1, + 736%(s))é(s), where igure 5: (a) the longitudinal phase space after turns

the energy can be taken roughly to be fixed at its initiafor 172=100. Two cavities are used to compensate for bunch

— —6 — — -5 —
value. The nonlinear coefficient; becomes important WaKe- 1= -107%, 175=0, 75=3x10 and|Zjn, /|=0.102.
whenns > n1/6%(s). One case with;3=100 is shown (b) shows beam dynamics in the andrn. parameter space.

in Fig.6(a). The parameter space for varyipgand o; Right upper parameter space shows the(b?eam streaming.

is summarized in Fig.6(b). 0,004 —2
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Figure 1: Longitudinal beam phase space at (a) turn 1 aIWIth 115=100.7,==10 1 0. 05=10 and‘
(b) turn 1000 when one rf cavity in Table 1 is applied. The(b_) shows beam dynamics in the andyjs parameter space.
tails of the bunch are distorted by the partly compensa’[el?)'ght Upper parameter space shows the beam streaming.
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rf voltage.os=3x 107>, ;= -1x10~° and‘n—y‘—o.m. 4 CONCLUSION
18e i , s T Longitudinal motion in the 50Ge¥50GeV muon collider
s e ring is investigated with a multi-particle tracking code. A
5 2o < \/> binning scheme is used to enhance the computational effi-
E ciency of the simulation and muon decay is included. The

-15e-4 . . . - . . .
-40 20 0 20 40 -18

R operation of a ring with smalj;, so that the synchrotron
e O e, oscillation is frozen during the storage time, and with the
Figure 2: (a) longitudinal beam phase space after 100funch wake compensated by two low rf cavities, is studied.
turns when two rf voltages in Table 1 are applied. (b) shows The longitudinal dynamics is seen to be controllable with
voltages due to the two rf cavities (curve(1)), the bunchroper choice of rf parameters. One cavity can be used to
wake (curve(2)), and the net voltage (curve(3)) after 100§bntrol the motion of the core of the bunch, while a second
turns. The bunch wake is well-compensated by the two Hontrols the tails. We studied the role played by important
cavities.os=3x107%, ;= -1x10~° and| Z}| /ns|=0.102. ring parameters in the longitudinal dynamics. Longitudinal
motion with compensation of the wake was studied with
various slippage factors){, n» andns). The sensitivity of
the compensation scheme to variations in ring parameters
was examined.
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